ABSTRACT Porcine reproductive and respiratory syndrome virus (PRRSV) blocks host mRNA nuclear export to the cytoplasm, and nonstructural protein 1 beta (nsp1␤) of PRRSV has been identified as the protein that disintegrates the nuclear pore complex. In the present study, the molecular basis for the inhibition of host mRNA nuclear export was investigated. Nucleoporin 62 (Nup62) was found to bind to nsp1␤, and the region representing the C-terminal residues 328 to 522 of Nup62 was determined to be the binding domain for nsp1␤. The nsp1␤ L126A mutant in the SAP domain did not bind to Nup62, and in L126A-expressing cells, host mRNA nuclear export occurred normally. The vL126A mutant PRRSV generated by reverse genetics replicated at a lower rate, and the titer was lower than for wild-type virus. In nsp1␤-overexpressing cells or small interfering RNA (siRNA)-mediated Nup62 knockdown cells, viral protein synthesis increased. Notably, the production of type I interferons (IFN-␣/␤), IFN-stimulated genes (PKR, OAS, Mx1, and ISG15 genes), IFNinduced proteins with tetratricopeptide repeats (IFITs) 1 and 2, and IFN regulatory factor 3 decreased in these cells. As a consequence, the growth of vL126A mutant PRRSV was rescued to the level of wild-type PRRSV. These findings are attributed to nuclear pore complex (NPC) disintegration by nsp1␤, resulting in increased viral protein production and decreased host protein production, including antiviral proteins in the cytoplasm. Our study reveals a new strategy of PRRSV for immune evasion and enhanced replication during infection.
directly in the cytoplasm (1) (2) (3) . Based on the genomic sequence similarities, PRRSVs are classified into two species, PRRSV-1 and PRRSV-2. The PRRSV genome contains 11 known open reading frames (ORFs): ORF1a, ORF1b, ORF2a, ORF2b, ORF3 through -7, ORF5a, and transframe (TF) ORF (4) (5) (6) . ORF1a and ORF1b generate two large polyproteins (pp1a and pp1a/b), and the remaining ORFs produce eight structural proteins; E, GP2, GP3, GP4, GP5, ORF5a, M, and N. The two polyproteins, pp1a and pp1a/b, are further processed into 14 nonstructural proteins (nsps) by autoproteolytic cleavage.
While the structural proteins assemble PRRSV particles, nsps facilitate viral replication and survival by modulating a wide range of cellular processes. One such function is regulation of the host innate immune response. An immunological hallmark of PRRSV infection is poor induction of type I interferons (IFNs) (for reviews, see references 7 to 9), and so far, seven nsps (nsp1␣, nsp1␤, nsp2, nsp2TF, nsp2N, nsp4, and nsp11) and the N protein have been identified as viral IFN antagonists (8, 10) . Of these, nsp1␣ and nsp1␤ are the most potent IFN antagonists (11) (12) (13) (14) (15) . After translation, PRRSV nsp1␣ travels to the nucleus and triggers degradation of CREB (cyclic-AMP-responsive element binding)-binding protein (CBP), and this process causes the subversion of IFN production (12) (13) (14) . In contrast, nsp1␤ is a multifunctional protein playing roles in viral genome replication (16) , nsp2TF translational frame shifting (4) , and type I IFN suppression (11, 15, 17, 18) . We have recently shown that nsp1␤ blocks the nuclear export of host mRNAs to the cytoplasm and causes a shutdown of host protein production and thus inhibition of host innate immunity (19) . A consensus sequence, 124 -KXLQXXLXXX GL-135 , has been identified within the papain-like cysteine protease 1␤ (PLP1␤) domain of PRRSV nsp1␤, and the sequence resembles the SAP (SAF-A/B [scaffold attachment factors A and B], Acinus [apoptotic chromatin condensation inducer in the nucleus], and PIAS [protein inhibitor of activated STAT]) motif. The SAP motif is defined as a consensus sequence (XPLBXXHXXBXH) in an ␣-helix (where P, B, and H represent polar, bulky, and hydrophobic residues, respectively, and X is any amino acid) and is found in nuclear proteins for a variety of biological activities, including binding to AT-rich DNA sequences and inhibiting type I IFN signaling pathways (20) (21) (22) . The SAP motif in nsp1␤ overlaps the highly conserved sequence 123 -GKYLQRRLQ-131 in PRRSV (18) and is also identified in lactate dehydrogenase-elevating virus (LDV) and simian hemorrhagic fever virus (SHFV), but not in equine arteritis virus (EAV), in the family Arteriviridae. Mutations in the nsp1␤ SAP motif have conferred clinical attenuation of PRRSV in pigs (17, 18, 23) . In our study, the SAP motif has been shown to be critical for nsp1␤-mediated host mRNA nuclear retention (19) . Mutations in the SAP motif impaired the inhibition of host mRNA export, and the respective mutant viruses were clinically attenuated in pigs (19, 23) , indicating that the inhibition of host mRNA nuclear export contributes to PRRSV virulence.
The nucleocytoplasmic trafficking of proteins and RNAs is a critical process for many cellular functions, including gene expression, the cell cycle, stress response, and response to viral infections. The nuclear pore complex (NPC) is the fine-tuned gateway for the trafficking of molecules between the nucleus and cytoplasm (24) (25) (26) . The NPC is a macromolecular proteinaceous structure that forms channels spanning the lipid bilayer of the nuclear envelope and is assembled with more than 30 different nucleoporin proteins (Nups) (25, 27, 28) . Many of these Nups have unfolded domains that are rich in phenylalanine and glycine (FG) and serve as docking sites for transport receptors as they transit the NPC (27) (28) (29) . Nup62 is one of the major nucleoporins located in the core of the NPC and forms a complex with Nup45, Nup54, and Nup58 (30) (31) (32) . The Nup62 protein is 522 amino acids (aa) long and consists of two distinct functional domains. As with many other Nups, the N-terminal aa 1-to-327 region of Nup62 is rich in FG repeats and functions as a docking site for nuclear transport factor 2 (NTF2), which plays a role in protein transport (31, 33) , and for nuclear RNA export factor 1 (NXF1), which is important for RNA export (34) , contributing to translocation of receptor-cargo complexes through the NPC. The C-terminal aa 328-to-522 region interacts with a distinct subset of nuclear transport receptors for nucleocytoplasmic transport or with other Nups, such as Nup45, Nup54, and Nup58, to facilitate the anchoring of Nup62 to the NPC via its coiled-coil structure (35) (36) (37) (38) (39) (40) (41) .
The structural complexity of the NPC and its central role in regulating the expression of newly synthesized mRNAs make it a desirable target for viruses to facilitate their replication. Mediators, including transport receptors and Nups, within this process are cleaved, degraded, phosphorylated, and redistributed by different viruses (29, 42) . Vesicular stomatitis virus (VSV) matrix (M) protein interacts with Nup98 and RAE1 and blocks nucleocytoplasmic transport (43) (44) (45) (46) (47) (48) , whereas influenza virus NS1 targets the mRNA export machinery through its interaction with TAP/NXF, p15/NXT, Rae1/Mrnp41, E1B-AP5, and Nup98, resulting in the formation of inhibitory complexes and degradation of Nup98 (49) . Member viruses in the order Picornavirales either cleave Nup62, Nup98, and Nup153 through their 2A and 3C proteases or phosphorylate Nups via their Leader (L) protein to bring about alterations in nuclear transport (50) (51) (52) (53) (54) (55) (56) (57) (58) (59) (60) (61) . Herpes simplex virus (HSV) ICP27 interacts with Nup62 and inhibits nucleocytoplasmic transport (62) . Thus, the mechanisms for different viruses may vary, but the outcomes are similar, leading to suppression of the host antiviral defense and the increase of viral replication, which relies on the host translation machinery for viral protein synthesis. In the present study, we expanded our understanding of the PRRSV-induced subversion of NPC function and its contribution to evasion of antiviral defenses and enhanced viral growth. We investigated the molecular basis of the inhibition of host mRNA nuclear export and its biological consequences. Our results indicate that the inhibition of host mRNA nuclear export results from interaction between nsp1␤ and Nup62. Leucine 126 of nsp1␤ was the critical residue for the nsp1␤-Nup62 interaction, and using a mutant PRRSV harboring an L126A mutation in nsp1␤, we show that Nup62-nsp1␤ binding enhances PRRSV replication.
RESULTS
Colocalization of PRRSV nsp1␤ with Nup62. The nucleocytoplasmic trafficking of cellular molecules is a highly complex and regulated process (29, 42, 63, 64) . We previously reported that PRRSV nsp1␤ protein inhibited host mRNA nuclear export (19, 23) . To identify the mechanisms underlying this inhibition, we chose to examine three representative mRNA-trafficking pathways. ALY is the export adaptor involved in the nuclear export of spliced and unspliced mRNAs aiding the transfer of mRNAs to the NXF1-NXT1 heterodimer; NXF1 is the major mRNA receptor delivering mRNAs to the NPC; and Nup62 is a protein found in the central channel of the NPC and serves as a docking site for mRNA receptors, including NXF1 (29, 42, 63, 64) . We therefore examined ALY, NXF1, and Nup62 by immunostaining for their possible colocalization with nsp1␤, using anti-ALY, anti-NXF1, and anti-Nup62 antibodies. No distinct changes were observed in the distribution or degradation of ALY and NXF1 or in their colocalization with nsp1␤ ( Fig. 1A and B) . However, evidence was obtained for colocalization of Nup62 and nsp1␤, and thus, further studies were conducted. The Nup62 gene was cloned with a hemagglutinin (HA) tag at its N terminus to facilitate detection. Nup62 staining was seen in the nuclear rim surrounding the nuclear envelope, and the staining was evident in pXJ41, nsp1␣, and N gene-transfected cells (Fig. 1C) . The reason for including the PRRSV nsp1␣ and N genes as controls in this study is that, as with nsp1␤, the nsp1␣ and N proteins are nuclear cytoplasmic proteins travelling to the nucleus and are actively involved in host antiviral activity (for reviews, see references 8 and 65). In nsp1␤-expressing cells, however, the integrity of the nuclear rim was disrupted, and the disintegration was striking (Fig. 1C , second column from left). Nup62 was redistributed to puncta along the nuclear periphery. Further examination showed that nsp1␤ colocalized with Nup62 (Fig. 1C, arrows) , suggesting the possible interaction of nsp1␤ with Nup62.
To examine Nup62 redistribution in the context of viral infection, MARC-145 cells were infected with PRRSV and stained with anti-nsp1␤ and anti-Nup62 antibodies. In virus-infected cells, Nup62 staining of the nuclear rim was lost, and instead, it was found colocalized in puncta with nsp1␤, similar to the observation in nsp1␤ gene-transfected cells (Fig. 1D) . Our results demonstrated that PRRSV nsp1␤ specifically colocalized with Nup62 and disrupted the integrity of the Nup62-associated nuclear rim, suggesting this may be the basis for the inhibition of nucleocytoplasmic trafficking by PRRSV.
Direct binding of nsp1␤ to Nup62. To determine the binding of nsp1␤ to Nup62, a mammalian two-hybrid assay was performed (66, 67) . Since the N protein of PRRSV forms homodimers (67) , N was included as a positive control. Cells were transfected with the respective genes, along with p5XGal4tk-luciferase as a reporter and pRL-TK Renilla plasmid as an internal control. Coexpression of pM-N and pVP16-N increased the reporter activity, as anticipated ( Fig. 2A) , and similarly, coexpression of pM-nsp1␤ and pVP16-Nup62 also increased the reporter activity, indicating the interaction of nsp1␤ with Nup62 ( Fig. 2A) . Similar results were obtained using an alternative promoter (Fig.  2B) , further confirming that these interactions were specific.
To examine whether nsp1␤ binding to Nup62 required a cellular intermediate, a glutathione S-transferase (GST) pulldown assay was conducted. PRRSV nsp1␤ protein was expressed as a GST-nsp1␤ fusion in Escherichia coli (Fig. 2C) , and the fusion protein was immobilized to glutathione-Sepharose beads. The beads were incubated with the whole-cell lysates, and bound proteins were subjected to Western blotting using anti-Nup62 antibody. The GST-nsp1␤ fusion protein pulled down Nup62 specifically from the whole-cell lysates (Fig. 2D) , further demonstrating the binding of nsp1␤ to Nup62.
Identification of the nsp1␤-binding region in Nup62. Nup62 contains two major domains that are functionally and structurally distinct from each other. To characterize the interaction of Nup62 with nsp1␤, the N-terminal aa 1 to 327, representing the FG-rich and Thr-rich linker region (Nup62-N), and the C-terminal aa 328 to 522, representing the coiled-coil domain (Nup62-C), were constructed and examined for their binding to nsp1␤ (Fig. 3A) . Nup62-N and Nup62-C were examined first in the mammalian two-hybrid system (Fig. 3B ). When coexpressed with pM-nsp1␤, pVP16-Nup62-C increased luciferase activity significantly (P ϭ 0.000813) (Fig. 3B) , indicating the C-terminal domain of Nup62 was sufficient for nsp1␤ binding. In contrast, pVP16-Nup62-N did not increase the activity. The reporter signal induced by pVP16-Nup62-C was higher than that of pM-nsp1␤ and pVP16-Nup62. The exact reason for this is unknown, but it may be due to the higher expression of the Nup62-C fragment than of the full-length Nup62. To further confirm this interaction, Nup62-N and Nup62-C were individually expressed as a fusion protein with an HA tag at the N terminus, and coimmunoprecipitation was conducted using anti-FLAG monoclonal antibody (MAb) Cell lysates were prepared in passive lysis buffer (Promega), and relative luciferase activities were obtained by normalizing firefly luciferase activity to Renilla luciferase activity. The error bars represent means and standard deviations (SD) (n ϭ 3). ***, P Ͻ 0.001. (C) Expression of GST-nsp1␤ fusion protein in E. coli BL21(DE3). Cells were transformed with pGEX-4T3 or pGEX-4T3-nsp1␤ and grown to an optical density at 600 nm of 0.6, followed by induction with 1 mM IPTG for 3 h at 37°C. Cell lysates were prepared and resolved by SDS-10% PAGE, followed by staining with Coomassie blue R250. GST and GST-nsp1␤ are indicated by stars. (D) GST pulldown assay for Nup62 using GST-nsp1␤. The GST or GST-nsp1␤ protein was immobilized to glutathione-Sepharose 4B beads and incubated with whole-cell lysates. Protein precipitates were subjected to Western blotting using anti-Nup62 MAb.
for precipitation and anti-HA MAb for immunoblotting. Both HA-Nup62-N and HANup62-C were properly expressed in HeLa cells (Fig. 3C) , and as anticipated, the full-length HA-Nup62 and HA-Nup62-C were precipitated by nsp1␤ antibody (Fig. 3C , top gel, lanes 3 and 5), whereas HA-Nup62-N was not precipitated by the same antibody (Fig. 3C , top gel, lane 4). These data demonstrate that amino acids 328 to 522 of Nup62, encompassing the C-terminal coiled-coil structure, contain the binding domain for nsp1␤.
Nup62-nsp1␤ interaction determines host mRNA nuclear export. Previously, we identified a SAP motif in the PLP1␤ region of nsp1␤ and showed that leucine 126 (L126) within this domain was critical for the nuclear retention of host mRNA (19) . Thus, we wished to examine if L126 was involved in the interaction with Nup62. To accomplish this, we used a mutant nsp1␤ containing an L-to-A mutation at position 126 (L126A). Since lysine 124 (K124) has been shown to be nonessential for nsp1␤ function, a K124A mutant was included as a control (Fig. 4A) . The cellular distribution of host mRNAs by K124A and L126A was confirmed by oligo(dT) in situ hybridization (ISH) (Fig. 4B ). While host mRNAs were distributed normally in the nucleus and cytoplasm in pXJ41-transfected cells (Fig. 4B ), wild-type (WT) nsp1␤ and the K124A mutant confined host mRNAs to the nucleus. In contrast, host mRNAs in L126A-expressing cells were normally distributed in the nucleus and cytoplasm (Fig. 4B , bottom rows), indicating that the L126A mutation caused the loss of host mRNA nuclear retention.
Nup62 colocalization was then investigated by immunofluorescence analysis (IFA). Wild-type nsp1␤ and the K124A mutant colocalized with Nup62 as expected, and the Mammalian two-hybrid luciferase assay using pM-nsp1␤, along with pVP16-Nup62, pVP16-Nup62-N, or pVP16-Nup62-C. HeLa cells were cotransfected with p5XGal4SV40-luciferase and pRL-TK, along with the indicated plasmids at a 1:0.1:1:1 ratio for 48 h. Cell lysates were prepared in passive lysis buffer (Promega), and relative luciferase activities were obtained by normalizing the firefly luciferase activity to the Renilla luciferase activity. The error bars represent means and SD (n ϭ 3). ***, P Ͻ 0.001. (C) Coimmunoprecipitation of F-nsp1␤ with HA-Nup62, HA-Nup62-N, or HA-Nup62-C. HeLa cells were transfected with 2 g of the indicated plasmids and incubated for 30 h. Cell lysates were precipitated with anti-FLAG MAb, followed by Western blotting (WB) using anti-HA MAb (top gel). Whole-cell lysates (WCL) were probed with anti-HA MAb (second gel from top) or anti-FLAG PAb (bottom gels). ␤-Actin served as a loading control. and its mutants. HeLa cells were cotransfected with HA-Nup62 and nsp1␤ or its mutants and stained with ␣-FLAG MAb (green) and ␣-HA MAb (red). Nuclei were stained with DAPI. The arrows indicate colocalization of nsp1␤ and Nup62. The images were taken by confocal microscopy (Nikon A1R). (D) Mammalian two-hybrid luciferase assay for pVP16-Nup62 and pM-nsp1␤ or its mutants. HeLa cells were cotransfected with p5XGal4SV40-luciferase plasmid, pRL-TK, and the indicated plasmids at a 1:0.1:1:1 ratio for 48 h. Cell lysates were prepared in passive lysis buffer, and relative luciferase activities were obtained by normalizing the firefly luciferase activity to the Renilla luciferase activity. The error bars represent means and SD (n ϭ 3). ***, P Ͻ 0.001. (E) Expression of GST-nsp1␤ and its mutant proteins in E. coli BL21(DE3). Bacteria were transformed with the pGEX-4T3, pGEX-nsp1␤, pGEX-K124A, or pGEX-L126A plasmid and grown to an optical density at 600 nm of 0.6, followed by induction with 1 mM IPTG for 3 h at 37°C. Cell lysates were prepared and resolved in SDS-10% PAGE and stained with Coomassie blue R250. The asterisks indicate GST, GST-nsp1␤, or mutants. (F) GST pulldown assay for Nup62. GST, GST-nsp1␤, or its mutant proteins were coupled with glutathione-Sepharose 4B beads and incubated with HeLa cell lysates. The precipitates were subjected to Western blotting using ␣-Nup62 MAb. nuclear rim staining was lost (Fig. 4C) . L126A, however, did not colocalize with Nup62, and the nuclear rim staining was intact (Fig. 4C, bottom two rows) . To examine the impact of the L126A mutation on binding to Nup62, a mammalian two-hybrid assay was conducted. When pM-nsp1␤ or pM-K124A was coexpressed with pVP16-Nup62, the reporter activity increased significantly, indicating that binding was occurring. However, coexpression of pM-L126A and pVP16-Nup62 did not increase the reporter activity (Fig. 4D) , demonstrating the loss of L126A binding to Nup62. An additional GST pulldown assay was conducted to examine binding. GST-L126A was constructed and expressed in E. coli, and a pulldown assay was performed using whole-cell lysates. Nup62 was specifically pulled down by GST-nsp1␤ or GST-K124A but was not precipitated by GST-L126A, confirming that the L126A mutation eliminated binding to Nup62 (Fig. 4E and F) . Taken together, our data demonstrate that L126 of nsp1␤ was a critical residue for both host mRNA nuclear accumulation and Nup62 binding and show that the binding of nsp1␤ to Nup62 was the basis for nsp1␤-mediated host mRNA nuclear retention.
Downregulation of innate immune genes by nsp1␤. PRRSV nsp1␤ showed the greatest impact on inducible-gene expression, intermediate impact on regular gene expression, and neglectable impact on housekeeping gene expression ( Fig. 5A and B) . In nsp1␤-expressing HeLa cells, mRNAs for IFN-␣ and IFN-␤ showed the highest nuclear/cytoplasmic ratio after stimulation, indicating the majority of mRNAs for inducible genes were imprisoned in the nucleus, whereas mRNAs for other genes, including DEPTOR, NOL6, SH2, and ␤-actin genes, showed lower nuclear/cytoplasmic ratios. Thus, by blocking mRNA nuclear export, host mRNAs for innate immunity would not likely be translated despite the fact that they were transcribed, and so PRRSV would replicate better. Indeed, host mRNA nuclear accumulation was correlated with nsp1␤-mediated type I IFN suppression (19) . It is noteworthy that host mRNA nuclear export is not completely blocked by nsp1␤, and thus, some of the host functions may still be retained. Similar observations were made in poliovirus-infected cells whose Nup62 was cleaved and degraded (68) . In Saccharomyces cerevisiae and Xenopus laevis, Nup62 function was still retained at certain levels, even though NPC FG repeats were removed (69) (70) (71) . We noticed that total mRNAs for IFN-␣ and IFN-␤ were decreased by nsp1␤, even when stimulated with poly(I·C) (Fig. 5A) . This was probably due to the fact that nsp1␤ impaired IFN production by inhibiting IRF3 activation and nuclear translocation (Fig. 5C) (72) . This observation led us to investigate whether nsp1␤ would block the nuclear translocation of cytoplasmic factors involved in various signaling pathways. Indeed, nsp1␤ blocked the nuclear translocation of IRF3, p65, and STAT1 and STAT2 for IFN production, NF-B signaling, and IFN signaling pathways, respectively ( Fig. 5C and D), indicating that PRRSV nsp1␤ possessed a mechanism to block the nucleocytoplasmic trafficking of all nuclear proteins and mRNAs universally.
Biological consequences of nsp1␤-Nup62 interaction. Since PRRSV transcription occurs in the cytoplasm of the cell, inhibition of host mRNA nuclear export to the cytoplasm helps the virus in three ways: (i) suppression of host antiviral protein production, (ii) exclusive utilization of the translational machinery in the cytoplasm for viral protein production, and (iii) enhanced viral growth. To examine these hypotheses, we conducted three experiments in nsp1␤-overexpressing cells to measure (i) amounts of host antiviral mRNAs in the cytoplasm, (ii) viral protein production in the cytoplasm, and (iii) viral titers and growth kinetics. 3D4/21 cells, which are immortalized porcine alveolar macrophages (73) , were transfected with the nsp1␤ gene for 24 h and stimulated with poly(I·C) for 12 h. Total cytoplasmic RNAs were isolated, and reverse transcription-quantitative PCR (RT-qPCR) was conducted to quantify the amounts of nine different species of swine-specific antiviral mRNAs. Two type I IFNs (swine [s]IFN-␣ and sIFN-␤), one positive regulator (sIRF3), and six antiviral effectors (sPKR, sOAS, sMx1, sISG15, sIFIT1, and sIFIT2) were chosen for examination, as described previously (74) . Poly(I·C) stimulation increased amounts of the sIFN-␣ and sIFN-␤ mRNAs in pXJ41-transfected cells, as expected, whereas the respective mRNAs were significantly re- and stimulated with poly(I·C) (PIC) (0.5 g/ml). Total cellular RNA was isolated for qPCR analysis, and relative amounts of RNA were calculated using the 2 ϪΔΔCT method by normalizing the values to that of total GAPDH, as described in Materials and Methods. Fold changes were compared to the numbers of pXJ41-transfected cells. The error bars represent means Ϯ SD (n ϭ 3). *, P Ͻ 0.05. (B) mRNA ratios between nuclear and cytoplasmic fractions. HeLa cells were transfected with 2 g of nsp1␤ genes and stimulated with PIC (0.5 g/ml). Nuclear and cytoplasmic RNAs were isolated separately, and relative amounts of the respective mRNAs were calculated using the 2 ϪΔΔCT method by normalizing the values to that of total GAPDH. The ratios were calculated by comparing the nuclear mRNA to cytoplasmic mRNA for each gene. The error bars represent means Ϯ SD (n ϭ 3). *, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001. (C to F) PRRSV nsp1␤-mediated transcription factor nuclear import inhibition. HeLa cells were transfected with pXJ41, F-nsp1␣, F-nsp1␤, or F-nsp1␤-L126A plasmids and stimulated with poly(I·C) (0.5 g/ml) (C), TNF-␣ (20 ng/ml) (D), or IFN-␤ (1,000 U/ml) (E and F). The cells were stained with anti-FLAG MAb (green) and anti-IRF3 (C), anti-p65 (D), anti-STAT1 (E), or anti-STAT2 (F) PAb (red). Nuclei were stained with DAPI (blue). The images were taken by confocal microscopy (Nikon A1R). duced in nsp1␤-expressing cells (Fig. 6A) , indicating the inhibition of host mRNA nuclear export to the cytoplasm by nsp1␤. The mutant L126A did not inhibit host mRNA nuclear export (Fig. 4B and C) , and consistent with that finding, amounts of sIFN-␣ and sIFN-␤ mRNAs in the cytoplasm increased during stimulation (Fig. 6A) . For sIRF3, its mRNA in the cytoplasm of nsp1␤-expressing cells was reduced (Fig. 6A) , and similarly, the mRNA levels for other antiviral effectors-sPKR, sOAS, sMx1, sISG15, sIFIT1, and sIFIT2-were reduced in the cytoplasm of nsp1␤-expressing cells (Fig. 6A) . Collectively, these results demonstrate that nsp1␤ decreased the amounts of antiviral mRNAs, and thus, the antiviral host response would be suppressed.
Next, we examined viral protein production in the cytoplasm of nsp1␤-overexpressing cells. MARC-145 cells were transfected with the nsp1␤ gene for 24 h and infected with PRRSV for 48 h. Cell lysates were prepared and subjected to Western blotting. The amount of viral N protein was greater in nsp1␤-overexpressing cells than in pXJ41-or L126A-expressing cells (Fig. 6B) . The absolute gray intensity (the product of area and mean gray value) of N was measured as 11,395 in nsp1␤-overexpressing cells and corrected to an intensity relative to that of ␤-actin of 0.30. In pXJ41-and L126A-expressing cells, however, the amounts of N were reduced, with absolute gray intensities of 9,678 and 6,968 and relative intensities of 0.23 and 0.24, respectively (Fig.  6B) . The experiment was repeated, and a similar result was obtained. The results from two experiments were plotted and are presented in Fig. 6C . The absolute and relative gray intensities of N were both higher in nsp1␤-expressing cells than in pXJ41-expressing and L126A-expressing cells, with statistical significance. This result demonstrates the enhanced viral protein production in nsp1␤-overexpressing cells, which is likely due to the enhanced translation of viral mRNA.
The reduction of host antiviral proteins and increased viral protein may promote viral replication. To examine this, we determined the titers and growth kinetics of PRRSV in nsp1␤-overexpressing cells. For this experiment, we used mutant PRRSV vL126A. The vL126A mutant virus was first examined for inability to disintegrate Nup62 in infected cells. Figure 7A clearly shows that the nuclear rim staining of Nup62 was disrupted in wild-type (FL13)-but not mutant (vL126A)-infected cells. MARC-145 cells were then transfected with pXJ41, the nsp1␤ gene, or the L126A gene for 24 h and infected with PRRSV for the indicated times. The supernatants were collected, and the viral titers were determined by plaque assays (Fig. 7B to E) . The viral titers of wild-type PRRSV FL13 were detectable as early as 6 h postinfection (hpi), and the peak titer reached 5.3 log units in nsp1␤-expressing cells (Fig. 7B) . The growth of FL13 was slightly lower in L126A-expressing or mock-transfected cells (Fig. 7B) . The vL126A mutant PRRSV grew less efficiently than FL13, and the titers were also lower by 1 log unit in L126A-expressing or mock-transfected cells (Fig. 7C) . However, vL126A growth was rescued by Ͼ1 log unit in nsp1␤-expressing cells throughout the infection periods up to 96 h, and titers increased to 4 log units (Fig. 7C) , indicating the positive role of nsp1␤ in viral growth. The nsp1␤ overexpression promoted the growth of Lelystad virus (LV), as well, the prototype of PRRSV-1 (Fig. 7D) . Since the molecular action of nsp1␤ may be applicable to other cytoplasmic RNA viruses, we examined the growth of another RNA virus in nsp1␤-overexpressing cells. We chose porcine epidemic diarrhea virus (PEDV), which is in the same order as PRRSV and because PEDV readily infects MARC-145 cells (75) . Interestingly, PEDV growth was enhanced in nsp1␤-expressing MARC-145 cells, and the peak titer was also higher in these cells than in mock-transfected or L126-expressing cells (Fig. 6E) , indicating that the inhibition of nucleocytoplasmic trafficking by nsp1␤ broadly confers benefits, not only for PRRSV, but also for other cytoplasmic RNA viruses in the order Nidovirales.
The effects of nsp1␤-Nup62 binding on PRRSV growth were also examined by gene silencing of Nup62 expression. Nup62-specfic small interfering RNA (siRNA) (siNup62) treatment reduced Nup62 expression to 37% and 43% at 24 h and 48 h posttransfection, respectively, whereas control siRNA (siControl) did not affect Nup62 expression (Fig. 7F) . In siControl-treated cells, vL126A grew poorly, with a peak titer of 2.8 log 10 PFU/ml (Fig. 7G) . In siNup62-treated cells, however, the vL126A titer increased to 4.0 (Continued on next page) log 10 PFU/ml (Fig. 7G) , indicating that vL126A growth was rescued by depletion of Nup62. For FL13, siNup62 treatment also increased the vial titer, but only slightly, at 48 hpi (Fig. 7G) . These results confirm that dysfunction of Nup62 is beneficial for viral growth.
Nup62-nsp1 interaction in other arteriviruses. Previously, the nsp1 proteins of two member viruses in the family Arteriviridae (LDV of mice and SHFV) were shown to share the capacity to inhibit host mRNA nuclear export, while nsp1 of EAV did not possess the function (19) . Therefore, it was of interest to examine whether the nsp1 proteins of LDV and SHFV were also able to bind to Nup62 as the basis of host mRNA nuclear retention. For PRRSV, LDV, and SHFV, nsp1 is cleaved into nsp1␣ and nsp1␤ subunits, whereas EAV nsp1 remains uncleaved. Different nsp1 subunits from different arteriviruses were individually expressed and examined by IFA for their colocalization with Nup62 (Fig. 8A) . Transiently expressed nsp1␤ subunits of PRRSV, LDV, and SHFV colocalized with Nup62 and diminished staining at the nuclear rim (Fig. 8A) . PRRSV nsp1␣, LDV nsp1␣, EAV nsp1, SHFV nsp1␣, and SHFV nsp1␥ all did not cause reduced nuclear rim staining or colocalize with Nup62. The binding of nsp1 subunits from different arteriviruses to Nup62 was further determined by coimmunoprecipitation (co-IP) assays (Fig. 8B) . Among the nsp1 subunits, only PRRSV nsp1␤, LDV nsp1␤, and SHFV nsp1␤ precipitated HA-Nup62 (Fig. 8B, top) . EAV nsp1, PRRSV nsp1␣, LDV nsp1␣, SHFV nsp1␣, and SHFV nsp1␥ did not precipitate HA-Nup62. The Nup62-nsp1␤-binding and colocalization data were consistent with the results on the inhibition of host mRNA nuclear export mediated by the nsp1␤ proteins of PRRSV, LDV, and SHFV. Taken together, our study demonstrates that the interaction of nsp1␤ with Nup62 is a viral strategy adopted by some arteriviruses during evolution.
DISCUSSION
Nucleocytoplasmic trafficking is an important process for cells to respond properly against viral infections, and viruses have evolved to modulate this process for their own benefit. Like that of many other positive-strand RNA viruses, PRRSV replication occurs in the cytoplasm, and the viral genome is translated in the cytoplasm to initiate infection (1-3). PRRSV blocks host mRNA nuclear export, and the nsp1␤ protein has been identified as the responsible viral factor (19) . In the present study, we have uncovered the underlying mechanism for nsp1␤-mediated host mRNA nuclear retention. The NPC is the gateway for nucleocytoplasmic trafficking of cellular molecules and, in turn, is the ideal target of PRRSV to modify. We found no interactions of PRRSV nsp1␤ with ALY and NXF1, which are important mediators for mRNA export (reviewed in references 29, 42, 63, and 64) . Instead, we found disintegration of the nuclear rim structure in PRRSV-infected cells and nsp1␤ gene-transfected cells, indicating the disruption of NPCs. The NPC is the massive proteinaceous structure consisting of approximately 30 different kinds of Nups (reviewed in references 25, 27, and 28), making it vulnerable, so that damage to any of its components may lead to disruption of NPC structure. We have investigated Nup98, Nup153, and Nup62 for nsp1␤ binding. The nuclear rim is consistently disrupted by nsp1␤, and Nup62 is the only Nup that was colocalized with nsp1␤ ( Fig. 1 [Nup98 and Nup153 staining results are not shown]), suggesting a specific interaction between nsp1␤ and Nup62. This interaction has been confirmed by the mammalian two-hybrid luciferase assay, the GST pulldown assay, and co-IP ( Fig. 2 and 3) . Further studies have shown the C-terminal residues 328 to 522 of Nup62 to be the nsp1␤-binding domain (Fig. 3) . Because this region of Nup62 functions
FIG 6 Legend (Continued)
Cell lysates were prepared and subjected to Western blot analysis. The membrane was reacted with FL13-infected swine serum. ␤-Actin served as the loading control. The lysates were also probed with ␣-FLAG PAb (rabbit) to show expression of transfected genes. Absolute gray intensities were quantified using the FluroChem R system (ProteinSimple, San Jose, CA), and relative intensities were normalized using ␤-actin. The data represent the results from one of two independent experiments. (C) Absolute and relative intensities from the results of two independent experiments. The y axes represent the ratios compared to pXJ41. The error bars represent means and SD (n ϭ 2). P values were determined by two-tailed Student's t tests. to anchor to the NPC through its coiled-coil structure (35) (36) (37) (38) (39) (40) (41) , it is plausible that nsp1␤ binding to Nup62 disrupts the structural integrity of the NPC (Fig. 1) . Nsp1␤ contains the papain-like proteinase 1␤ (PLP1␤) domain, and thus, nsp1␤ was postulated to bind to and degrade Nup62. However, it was not possible to obtain evidence for cleavage or degradation of Nup62 in nsp1␤-expressing cells or PRRSV-infected cells by Western blotting. This finding was consistent with a previous report that once nsp1␤ was cleaved from nsp2 by autoproteolytic activity, PLP1␤ in nsp1␤ became inactive due to self-blocking by the conformational change of its own C-terminal extension (CTE) (76) . A highly conserved domain had previously been identified within the PLP1␤ region (17, 19) , and L126 is one of the most critical residues that support nsp1␤ function (Fig. 4B ) (19) . Further investigation revealed that the L126A mutation is unable to inhibit host mRNA nuclear export and also abolishes nsp1␤ binding to Nup62, demonstrating the correlation between mRNA nuclear retention and nsp1␤-Nup62 binding. Leucine is a hydrophobic amino acid, and L126 of nsp1␤ is the residue supporting the tertiary structure of nsp1␤ (76) . Thus, it is not surprising that a mutation at L126 changes Nup62 binding. A similar observation has been made for VSV M protein, whose methionine at position 51 is highly conserved and contributes to M-Nup98-Rae1 complex formation (47) . The nsp1␤ subunit of other arteriviruses, LDV and SHFV, also contains similar functions of mRNA nuclear retention (19) and Nup62 binding (Fig. 8) . It is noteworthy that the nsp1␤ proteins of PRRSV, LDV, SHFV, and foot-and-mouth disease virus (FMDV) L pro share high similarity in the PLP domain (76) , which may explain their binding to Nup62. Interestingly, a SAP motif in PRRSV nsp1␤ is also found in FMDV L pro (77) , implying that FMDV L pro may contain a similar function to block host nucleocytoplasmic trafficking. The binding of LDV nsp1␤ and SHFV nsp1␤ to Nup62 further demonstrates a common mechanism for host mRNA nuclear retention mediated by different arteriviruses, with the exception of EAV.
The biological consequence of the nsp1␤-Nup62 interaction has also been investigated and appears to be significant. By reverse genetics, the L126A mutation was introduced into the PRRSV FL13 infectious clone, and an infectious PRRSV mutant (vL126A) was rescued (19) . The L126A mutation abolishes nsp1␤-Nup62 binding, nsp1␤-mediated mRNA nuclear retention, and nsp1␤-mediated type I IFN suppression. The vL126A mutant virus is attenuated in its growth in MARC-145 cells, and its clinical signs in pigs are also attenuated (19, 23) . The growth attenuation of vL126A can be rescued in cells overexpressing nsp1␤ (Fig. 7C) , demonstrating that blocking of nucleocytoplasmic trafficking by nsp1␤ is beneficial for PRRSV growth. This mechanism confers benefits on PRRSV-1, PRRSV-2, and another cytoplasmic RNA virus, PEDV coronavirus (Fig. 7B, D , and E). Nup62 gene silencing using siRNAs also causes the rescue of vL126A growth by 1 log unit (Fig. 7F and G) , further demonstrating that inhibition of nucleocytoplasmic trafficking is beneficial for virus replication. Our data also showed that host antiviral mRNAs are fewer in the cytoplasm and that viral protein synthesis is enhanced in nsp1␤-overexpressing cells (Fig. 6 ). This is due to the inhibition of nucleocytoplasmic trafficking. The enhanced viral protein synthesis may be attrib-
at an MOI of 0.01 (E). The supernatants were harvested at 0, 6, 12, 24, 48, 72, and 96 hpi for PRRSV (B to D) or at 0, 6, 12, 24, 36, 48, 60, and 72 hpi for PEDV (E). The viral titers were determined by plaque assay for PRRSV (B to D) or TCID 50 for PEDV (E), as described in Materials and Methods. The error bars represent means Ϯ SD (n ϭ 2). At each time point, mean titers marked with different lowercase letters indicate statistical significance (P Ͻ 0.05). (F) siRNA-mediated gene silencing of Nup62. MARC-145 cells were transfected with siControl or siNup62, and relative amounts of protein were determined at 24 h or 48 h posttransfection. ␤-Actin served as a loading control. The intensities of Nup62 were quantified with the FluroChem R system, normalized to that of ␤-actin, and compared to the nontreated (NT) control (lanes 1). The percentages between the gels indicate relative changes. (G) MARC-145 cells were treated with siRNA for 48 h and infected with wild-type PRRSV FL13 (FL13-WT) at an MOI of 0.1 or with the PRRSV vL126A mutant at an MOI of 0.1. Supernatants were harvested at 0, 6, 12, 24, 48, 72, and 96 hpi, and viral titers were determined by plaque assay as described in Materials and Methods. The error bars represent means Ϯ SD (n ϭ 2). At each time point, the mean titers marked by lowercase letters showed statistical significance (P Ͻ 0.05).
uted to exclusive utilization of the translation machinery available in the cytoplasm, and the reduced amounts of antiviral mRNAs in the cytoplasm are probably due to the inhibition of host mRNA nuclear transport.
In summary, our study has identified the interaction of PRRSV nsp1␤ with Nup62 as the basis for nsp1␤-mediated host mRNA nuclear retention. Host mRNA nuclear retention is beneficial for virus growth. L126 in the SAP motif of nsp1␤ plays a critical role in Nup62 interaction, and the L126A mutation renders an attenuated phenotype. (78) is the infectious clone of the NVSL 97-7895 strain. FL13 is a modified version of FL12 in which the cytomegalovirus (CMV) promoter was inserted by engineering in front of the viral genome to allow transcription in mammalian cells (79) . FL13-WT is the infectious virus reconstituted from the FL13 infectious clone and was propagated in MARC-145 cells. vL126A is a mutant PRRS virus generated by replacing Leu at position 126 of nsp1␤ with Ala of the FL13 infectious clone (19, 79) . LV is a prototype virus of PRRSV-1 and was propagated in MARC-145 cells. MARC-145 cells were grown to approximately 70% confluence for gene transfection and infected with PRRSV at 100% confluence at multiplicities of infection (MOI) of 0.1 to 5 for different experiments. Viral titers were determined by plaque assays in MARC-145 cells using 6-well plates (35-mm-diameter wells), as described previously (23) . The Colorado strain of PEDV (USA/Colorado/2013; GenBank accession no. KF272920) was obtained from the Agricultural Research Service, U.S. Department of Agriculture (Ames, IA). PEDV was propagated in Vero cells with FBS-free DMEM supplemented with 0.3% tryptose phosphate broth (Sigma, St. Louis, MO), 0.02% yeast extract (Teknova, Hollister, CA), and 5 g/ml trypsin and titrated according to the 50% tissue culture infective dose (TCID 50 ) protocol on the same cells (80) . The PEDV titers were calculated by using the Spearman-Karber equation (81, 82) . For PEDV infection in MARC-145 cells, FBS-free DMEM supplemented with 0.3% tryptose phosphate broth (Sigma, St. Louis, MO), 0.02% yeast extract (Teknova, Hollister, CA), and 2 g/ml trypsin was used (75) .
MATERIALS AND METHODS
Antibodies and chemicals. The antibodies and chemicals used in the present study were as follows. Anti (␣)-PRRSV-nsp1␤ rabbit polyclonal antibody (PAb) specific for NA-PRRSV nsp1␤ was produced at the Immunological Research Center, University of Illinois at Urbana-Champaign (Urbana, IL). ␣-IRF3 PAb (rabbit) (FL-425; sc-90821), ␣-p65 PAb (rabbit) (H-286; sc-7151), ␣-STAT1 PAb (rabbit) (M-22; sc-592), ␣-STAT2 PAb (rabbit) (C-20; sc-476), ␣-ALY MAb (mouse) (11G5; sc-32311), ␣-Nxf1 MAb (mouse) (D-9; sc-365576), ␣-Nup62 MAb (mouse) (G-8; sc-16680), and ␣-␤-actin MAb (mouse) (C4; sc-47778) were purchased from Santa Cruz Biotechnologies Inc. (Santa Cruz, CA). ␣-FLAG PAb (rabbit) was purchased from Rockland Inc. (Gilbertsville, PA). ␣-FLAG MAb (rat) (M2) was purchased from Agilent (Santa Clara, CA). ␣-HA MAb (mouse) and Alexa-Fluor 488-conjugated and Alexa-Fluor 568-conjugated secondary antibodies were purchased from ThermoFisher (Rockford, IL). ␣-HA MAb (rabbit) (C29F4) and human tumor necrosis factor alpha (TNF-␣) (8902) were purchased from Cell Signaling (Danvers, MA). Peroxidase-conjugated AffiniPure goat anti-mouse IgG and peroxidase-conjugated AffiniPure goat antirabbit IgG were purchased from Jackson Immuno Research (West Grove, PA). Isopropyl ␤-D-1-thiogalactopyranoside (IPTG), poly(I·C), and DAPI (4=,6-diamidino-2-phenylindole) were purchased from Sigma (St. Louis, MO). Human recombinant IFN-␤ was purchased from Calbiochem (San Diego, CA).
Genes and plasmids. The HA-Nup62, HA-Nup62-N (1 to 327), HA-Nup62-C (328 to 522), pVP16-Nup62, pVP16-Nup62-N (1 to 327), and pVP16-Nup62-C (328 to 522) genes were subcloned from the plasmid pAcGFPNup62WT (52) into the pXJ41 expression vector using the HindIII and XhoI recognition sequences and into the pVP16-expressing vector (Clontech) downstream of the activation domain of the herpes simplex virus VP16 transactivator using the SalI and HindIII recognition sequences. FLAG-nsp1␣, FLAG-nsp1␤, and FLAG-N of PRRSV, LDV, and SHFV were cloned into pXJ41-expressing vectors as described previously (19) . FLAG-nsp1 of EAV and FLAG-nsp1␥ of SHFV were also cloned into pXJ41. The nsp1␤ gene and its mutant plasmids pM-K124A and pM-L126A were constructed by subcloning into the pM expression vector (Clontech) downstream of the yeast GAL4 DNA binding domain using the EcoRI and HindIII recognition sequences. pGEX-4T3-nsp1␤ and its mutant plasmids pGEX-4T3-K124A and pGEX-4T3-L126A were constructed by inserting nsp1␤ and its mutant K124A or L126A into the pGEX-4T3 (Amersham Pharmacia) expression vector using EcoRI and XhoI recognition sequences. The reporter constructs p5xGal4SV40-luc and p5xGal4tk-luc contain the luciferase gene and five copies of the GAL4 DNA binding sequence upstream of the simian virus 40 (SV40) promoter or the HSV thymidine kinase (TK) promoter and were described previously (83) . The pRL-TK Renilla luciferase reporter plasmid was purchased form Promega (Madison, WI). DNA transfection was performed using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. E. coli strain DH5␣ was used for transformation.
RT-qPCR. For total RNA extraction, an RNeasy minikit (Qiagen, Hilden, Germany) was used according to the manufacturer's instructions. For the nuclear and cytoplasmic RNA fractionations, a Sureprep cytoplasmic and nuclear RNA purification kit was used according to the manufacturer's instructions (Fisher BioReagents). RT-qPCR was performed using an ABI sequence detector system (ABI Prism 7000; Applied Biosystems, Life Technologies) in a final volume of 25 l containing 3 l of cDNA (diluted to ϳ100 ng/l) from the RT reaction, 12.5 l of SYBR green master mix (Applied Biosystems), 2.5 l of primer pairs (1.25 l each of sense and antisense primers [10 M]), and 7 l of water. Primers for s␤-actin, sIFN-␣, sIFN-␤, sIRF3, sPKR, sOAS, sMx1, sISG15, sIFIT1, and sIFIT2 were described previously (84) ; primers for the ␤-actin, GAPDH (glyceraldehyde-3-phosphate dehydrogenase), DEPTOR, NOL6, and SH2 genes were described previously (19) ; and primers for the IFN-␣, and IFN-␤ genes were described previously (75) . The mRNAs were quantified using the 2 ϪΔΔCT method (85) and normalized to GAPDH mRNA. Cytoplasmic and nuclear mRNAs were normalized to total GAPDH mRNA (cytoplasmic and nuclear fractions combined). Two independent experiments were conducted, each in triplicate.
Immunofluorescence analysis. HeLa or MARC-145 cells were grown on microscope coverslips and fixed with 4% paraformaldehyde in phosphate-buffered saline (PBS) for 1 h at room temperature, followed by three washes with PBS. The cells were permeabilized with 0.1% Triton X-100 for 15 min at room temperature, followed by three washes. After incubation with 1% bovine serum albumin (BSA) in PBS for 1 h at room temperature, the cells were incubated with a primary antibody (1:200) in blocking buffer for 2 h, followed by three washes with PBS and incubation with a secondary antibody (1:200) for 1 h at room temperature. The cells were stained with DAPI (1:5,000) for 5 min, and after a final wash with PBS, the coverslips were mounted on microscope slides using Fluoromount-G mounting medium (Southern Biotech, Birmingham, AL). The cells were examined using a Nikon A1R confocal microscope.
Mammalian two-hybrid luciferase assay. HeLa cells were grown in 12-well plates, and in each well of the plate, 0.5 g of p5xGal4SV40-luc or p5xGal4tk-luc, 0.05 g of pRL-TK, 0.5 g of pM, and 0.5 g of pVP16 plasmids were cotransfected. At 48 h posttransfection, cell lysates were prepared using passive lysis buffer (Promega). Supernatants were collected, and luciferase activities were determined in a dual-luciferase reporter assay system (Promega). Signals were obtained with a luminometer (Wallac 1420 Victor multilabel counter; Perkin Elmer, Waltham, MA). Values for firefly luciferase reporter activities were normalized using the Renilla internal control, and the results were expressed as relative luciferase activity. The assay was repeated two times, each assay in triplicate.
GST pulldown assay. pGEX-4T3-nsp1␤ and its mutants pGEX-4T3-K124A and pGEX-4T3-L126A were expressed in E. coli strain BL21(DE3) as described previously (83) . Briefly, bacteria transformed with each plasmid were grown to an optical density at 600 nm of 0.6 and stimulated with IPTG (1 mM) for 3 h. The bacteria were collected, resuspended in cold PBS, and sonicated on ice three times for 30 s each time with 2-s intervals (Soniprep 150; Gallenkamp). The proteins were solubilized with 1% Triton X-100, and the supernatants were incubated with glutathione-Sepharose 4B beads (GE Healthcare). The beads were collected, washed with PBS, and finally resuspended in binding buffer (20 mM Tris-HCl, 100 mM KCl, 2 mM CaCl, 2 mM MgCl 2 , 5 mM dithiothreitol [DTT], 0.5% NP-40, 1 mM phenylmethylsulfonyl fluoride [PMSF], 5% glycerol). For GST pulldown assays, whole-cell lysates were prepared and incubated with GST fusion proteins in binding buffer at 4°C overnight. The beads were washed three times with binding buffer and boiled at 95°C for 10 min in SDS-PAGE sample buffer. Supernatants were collected by centrifugation at full speed in a microcentrifuge at 4°C for 5 min, and proteins were resolved by SDS-10% PAGE. The gels were subjected to Western blot assays.
Coimmunoprecipitation and Western blotting. Cell lysates were incubated with 2 g ␣-FLAG MAb (rat) (M2; Agilent, Santa Clara, CA) overnight at 4°C with gentle agitation. Thirty microliters of protein G agarose beads (EMD Millipore, Temecula, CA) was added, and the mixture was further incubated for at least 2 h at 4°C. The beads were washed three times with lysis buffer, and the precipitates were eluted in 30 l of M-PER mammalian protein extraction reagent (Thermo, Rockford, IL) and 6ϫ loading buffer by boiling at 95°C for 5 min. The beads were spun down in a microcentrifuge at full speed at 4°C for 5 min, and the supernatants were subjected to SDS-10% PAGE. The resolved proteins were transferred to an Immobilon-P polyvinylidene difluoride (PVDF) membrane (Millipore), and the membranes were incubated with Tris-buffered saline with Tween 20 (TBST) blocking buffer (10 mM Tris-HCl, 150 mM NaCl, 0.05% Tween 20 containing 5% skim milk powder) for 1 h at room temperature, followed by further incubation with primary antibody at 4°C overnight. The membranes were washed five times with TBST and incubated with peroxidase-conjugated secondary antibody in TBST blocking buffer for 1 h at room temperature. The membranes were washed five times, and proteins were visualized using the ECL detection system (Thermo, Rockford, IL).
Oligo(dT) in situ hybridization. Oligo(dT) ISH was performed as described previously (86) . HeLa cells 24 h posttransfection were fixed with 4% paraformaldehyde, permeabilized with 0.5% Triton X-100, and incubated with primary antibodies for 2 h at room temperature. The primary antibodies were diluted in PBS containing 0.2% Triton X-100, 1 mM DTT, and 200 U/ml RNasin (Promega, Madison, WI). The cells were fixed again with 4% paraformaldehyde and washed with PBS. In situ hybridization was then performed at 42°C overnight using biotinylated oligo(dT) (Promega, Madison, WI) as a probe in a humidified chamber. The cells were washed twice with 0.5ϫ saline-sodium citrate (SCC) (ThermoFisher Scientific, Rockford, IL) at 42°C. The cells were further incubated with Cy3-streptavidin (Jackson Immuno Research) and secondary antibody for 1 h at room temperature. The cells were finally stained with DAPI, and the coverslips were mounted on glass slides using Fluoromount-G mounting medium (Southern Biotech, Birmingham, AL). The cells were visualized and images were taken using a Nikon A1 confocal microscope.
siRNA-mediated Nup62 knockdown in MARC-145 cells. To knock down the Nup62 gene in MARC-145 cells, an siGenome human Nup62 siRNA-Smart Pool (M-012468-01-0005) was purchased from Dharmacon (Lafayette, CO). These are pooled siRNAs with 4 individual siRNAs that all target Nup62. The sequences targeting Nup62 were as follows: siRNA D-012468-01, Nup62, 5=-GAACAGCGACUCUUGCUU C-3=; siRNA D-012468-03, Nup62, 5=-GCACUGGAGGGUUUAAUUU-3=; siRNA D-012468-04, Nup62, 5=-GGACACAGGGCUUCAGCUU-3=; siRNA D-012468-17, Nup62, 5=-GAGCGCAGCUUCCGGAUCA-3=. An siGenome nontargeting siRNA pool (D-001206-13-05) was also purchased and used as a control with no specific gene targeting. The sequences were as follows: 5=-UAGCGACUAAACACAUCAA-3=, 5=-UAAGGCU AUGAAGAGAUAC-3=, 5=-AUGUAUUGGCCUGUAUUAG-3=, and 5=-AUGAACGUGAAUUGCUCAA-3=. MARC-145 cells were grown to 50% confluence in 6-well plates, and 100 pmol of siRNA per well was transfected using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. Cell lysates were collected at 24 h or 48 h posttransfection and analyzed by Western blotting to determine the knockdown efficiencies.
Statistical analysis. Statistical significance was determined by two-tailed Student's t test, with a P value of Ͻ0.05 considered statistically significant.
